Introduction
All cells are responsive to mechanical stimulation, and mechanosensitive ion channels (MSCs 1 ) are the most sensitive transducers (1) . In higher animals, exteroceptors transduce external stimuli such as sound, vibration, touch, and local gravity; while interoceptors provide feedback for the voluntary musculature and autonomic signals that provide information on filling of the hollow organs (blood pressure regulation, filling of the bladder, etc). Interoceptors include cellular transducers that permit local control of blood flow, dilation induced changes in heart rate, regulation of cell volume and thirst; hormonal-coupled transducers that convert mechanical stimuli into release of factors such as renin and atrial naturietic factor; and autocrine and paracrine transducers that are responsible for local secretion of agents such as endothelin and other growth factors and gene regulators that affect cell division and cell size, as in bone and muscle growth.
MSCs are the only known primary mechanical transducers and may drive many of these processes. The three dimensional structure of a bacterial MSC is known (2) , but in eukaryotes, the only MSCs that have been cloned are a family of K + -selective channels (3) (4) (5) . The number of different subtypes of MSCs in eukaryotes is unknown. They can be classified in a broad spectrum as stretch-activated channels (S A Cs) and stretchinactivated channels. Some of each are K + -selective and others are nonselective cation channels (6) .
Despite the widespread nature of mechanical transduction in biology, no specific activator or inhibitors of MSCs have been known until recently. Gd 3+ (10-20 µM) inhibits 5 Chilean rose tarantula, Grammostola spatulata, that inhibit SACs in astrocytes and heart cells. The more potent of these toxins, GsMTx-4, not only blocks MSC currents seen with patch clamp recording, but exhibits effects at the cellular level that appear to involve MSC activation. GsMTx-4 can reduce the cell size in swollen and hypertrophic heart cells, decrease volume-activated currents in astrocytes (14) , and inhibit stretch-induced arrhythmias in the heart (15) .
We have determined the solution structure of GsMTx-4 and a lower affinity inhibitor (GsMTx-2) using homonuclear and heteronuclear 2D NMR spectroscopy. The backbone folds of both peptides exhibit the inhibitor cysteine knot (ICK) motif, which is characteristic of a family of invertebrate toxins directed toward a variety of ion channels (16, 17) as well as at least one mammalian protein (18) . A dominant feature of the structures is a hydrophobic patch, similar to that described for Hanatoxin (19) , encompassing most of the aromatic residues that have been suggested to be important for toxin-receptor interaction. As with Hanatoxin, MSC peptides have charged residues surrounding the hydrophobic patch, but the distribution of the charges differs between
GsMTx-4 and GsMTx-2, suggesting structural correlates that may account for differences in affinity. Hanatoxin is ineffective on MSCs. The ICK motif can be viewed as a welldefined scaffold upon which sidechains are placed to produce specificity for a particular target. Knowing the structure of MSC-directed ICK peptides, we can design modified structures that are labeled with various indicators, peptides that have higher affinity, and peptides that have differing specificity within the family of MSCs. A high affinity tag may allow isolation of this very difficult group of ion channels.
Methods
Toxin isolation: The method for venom fractionation and toxin isolation is described in detail in Suchyna et al. (14) . Briefly, Grammostola spatulata (Theraphosidae) spider venom was produced by an electrical milking procedure (20) The average yield of GsMTx-4 and GsMTx-2 from several purifications was ~8 and ~24 mg/ml of venom fractionated, respectively. Thus, GsMTx-4 is at least 2 mM in whole venom while GsMTx-2 is at least 6 mM. (3 5 ). χ 1 constraints and stereospecific assignments of β protons were made based on the E.COSY and NOESY spectra (36) . The distance and dihedral restraints were used as inputs to determine preliminary structures using the distance geometry/simulated annealing protocol in CNS 1.0 (Crystallography and NMR System; 37). Hydrogen bonding constraints were added in subsequent calculations based on deuterium exchange data, characteristic NOE patterns ( Figure 3 ), and likely hydrogen bonding partners determined from the preliminary structures. Three hundred structures were calculated using CNS and the twenty lowest energy structures were aligned to the average structure using XPLOR 3.851 (38) . The structures were visualized using Swiss-PdbView (39) and analyzed using Procheck-NMR, Aqua (35) , and NMRCLUST (40) . The hydrogen bonding pattern was verified by recalculating a set of 200 structures without the hydrogen bonding constraints. The twenty lowest energy structures were analyzed. The NH and carbonyl oxygens of the hydrogen bonding pairs were oriented correctly in almost all structures, although in some cases, the distance between the NH and O was somewhat greater than that observed with the hydrogen bonding constraints were included in the calculation.
Results
Comparison of MSC bocking activity. Grammostola spatulata whole venom was fractionated by RP-HPLC and fractions were superfused onto outside-out patches from rat astrocytes to assess MSC activity. Fractions that showed activity were again fractionated on successively shallower gradients until a single active component was isolated. The largest HPLC peak in Grammostola whole venom was actually a complex of several peaks, one of which could block MSCs but showed lower activity than GsMtx-4.
The active peak eluted at 21.5 min on a 15-50% acetonitrile 40 min linear gradient (see Figure 3A in reference 1 4 12 times lower than that of GsMTx-4.
Sequence homology of related tarantula toxins. The sequence of GsMTx-2 has less than 25% homology to GsMTx-4 as shown at the bottom of the sequence alignment in Figure   1C . The four ICK tarantula peptides shown in the middle of Figure 1C have the highest sequence similarity to GsMTx-4 (and higher than that of GsMTx-2), but are not mechanotoxins (toxins that inhibit M S C s). Given that the peptides that are not mechanotoxins have much higher sequence similarity to GsMTx-4 than GsMTx-2, the structures of GsMTx-2 and GsMTx-4 may provide clues as to the origin of specificity for MSCs.
Of the peptide sequences shown, three-dimensional structures only exist for
Hanatoxin, GsMTx-2 and GsMTx-4 (see below). For these three peptides, the hydrophobic amino acids that form a cluster on the surface of the three peptides are shown in green. Assuming structural homology, the corresponding hydrophobic amino acids on the other three toxins (TXP5, SNX-482, and ω-GsTx-S1A) are also shown in Likewise, these values are consistent with the overall shape and dimensions of the calculated structures described below, confirming that, under the conditions used, both toxins are monomeric.
Resonance assignments and torsion angles. Sequence-specific resonance assignments (excluding the first residue) were made for both peptides using both homonuclear and heteronuclear experiments. A natural abundance Backbone NOEs used to make sequential assignments and to aid in the assignment of hydrogen bonds are summarized in Figure 3A . Using csi analysis and analysis of the high resolution DQF-COSY spectra, a total of 14 (GsMTx-4) and 17 (GsMTx-2) φ,ψ distance constraints were obtained. o 120˚ for the majority of the structures (80% for both C2-C17 and C9-C23); whereas, the remainder are either extended (-135˚ to -170˚) for C2-C17 or in the range of -95˚ to -105f or C9-C23. In the case of C16-C30, the disulfide dihedrals cluster in the range of -70˚ to -110˚ for the majority of structures (65%); whereas the remainder are extended, with none near 90˚. Given the propensity of C2-C17 and C9-C23 to cluster near 90˚ and C16-C30 to cluster near -90˚ a final series of 200 structures were calculated with and without these disulfides constrained to within ±10˚ of the ideal values (i.e., 90 ± 10˚ for C2-C17 and C9-C23 and -90 ± 10˚ for C16-C30). No significant differences in overall energy or RMSD were observed with these constraints or without these constraints. In summary, the disulfide bonding pattern consisting of C2-C17/C9-C23/C16-C30 was most consistent with the data, with a disulfide dihedral for C16-C30 of approximately -90˚ and the dihedrals for C9-C23 and C16-30 of approximately +90˚.
A similar strategy was used to define the disulfide-bonding pattern of GsMTx2, the patten was even more apparent from the differences in the quality of the structures. Both, the C2-C16 (homologous to C2-C17 of GsMTx4) bond and the C15-C25 (homologous to disulfide-bonding pattern. Explicitly defining the C2-C17, C15-C25, C9-C21 pattern provided the lowest energy structures of all those tested. Finally, restraining the disulfides to within ±10˚ of the ideal values, produced lower energy structures for the C2-C17, C15-C25, C9-C21 pattern, as described above for GsMTx4, although within this disulfide bonding pattern, several combinations of dihedral angles produced low energy structures.
Thus, the disulfide-bonding pattern is conserved between GsMTx2 and GsMTx4 and is similar to other ICK proteins (16) .
Structural analysis. Overlays of the twenty lowest energy structures of GsMTx-2 and
GsMTx-4 are shown in Figure 4A , and the structural statistics are given in Table 1 motif (16, 17) and exhibit a secondary structure ( Figure 3B and 4B) characteristic of other ICK proteins (e.g., ω-conotoxin GVIA (43), a calcium channel blocker). The secondary structure is composed of three β strands, two of which form an antiparallel β sheet ( Figure   3B ) and a third which crosses over the first two ( Figure 4B ). As is typical of the ICK motif, the disulfide III-VI penetrates a ring formed by the other two disulfide bonds. The 
Discussion
Homology among structures suggests function. Although none of the tarantula toxins in Figure 1C have more than 50% sequence homology to GsMTx-4, two common features are immediately apparent from the primary sequences: (1) the inter-cystine spacing requiring only a few space substitutions for proper alignment, and (2) the hydrophobic amino acids that form two clusters at the ends of the peptides around a conserved central leucine located two residues upstream of Cysteine V ( Figure 1C ). Because the structure of Hanatoxin has been solved (19) and its inhibitory function has been thoroughly studied (45) (46) (47) (48) , it can guide predictions about the structure and function of GsMTx-2 and GsMTx-4. However, it should be noted that no mutagenesis studies have been reported on any of the toxins listed in Figure 1C to delineate their sensitive residues. Hanatoxin and GsTx-S1A have both been shown to be gating modifiers of their respective targets (49) , but the inhibitory mechanisms of GsMTx-2 and GsMTx- 4 have not yet been determined.
The distribution of charges on Hanatoxin shows a hydrophobic patch surrounded by charged residues that have been suggested to interact directly with K + channels.
Identification of this region as the binding interface is based on the structures of other toxins that have been shown to modify gating, and on receptor mutagenesis studies (50) .
A similar hydrophobic patch in GsMTx-2 and GsMTx-4 ( Figure 5A ) is formed by the aromatic residues in loop 1 and those surrounding cysteine VI (Figure 1 C) . All hydrophobic/aromatic residues in these three peptides contribute to the hydrophobic patch. The patch may be involved in the binding interface, but is unlikely to provide specificity for binding to MSCs as most of the hydrophobic amino acids are spatially conserved among GsMTx-4, GsMTx-2, and Hanatoxin ( Figure 5B It has been suggested that the charged residues surrounding the hydrophobic patch of Hanatoxin may be important for toxin binding. The locations of charged residues that surround the hydrophobic patch vary significantly as illustrated by highlighted residues in Figure 1C for the structurally determined toxins. One notable feature of GsMTx-4 is that while all six peptides shown in Figure 1C have a similar total number of charged residues (8 to 11), GsMTx-4 has a net positive charge of +5 compared with +2 or -2 for the other five peptides. However, charge itself is not the key variable since we found that di-and tri-lysines have no effect on the open probability (data not shown). Thus, the distribution of charges displayed on the ICK scaffold may be the critical determinant in receptor selectivity.
Significant differences arise in the distribution of charged residues surrounding the hydrophobic patch ( Figure 1C , blue and pink highlighted residues). The overall distribution of charged residues around the hydrophobic patch can be viewed in the orientation shown in Figure 5A . Establishing the contribution of each sidechain to specificity will require mutagenesis studies. Although there is little overlap of charged residues on the surfaces shown in Figure 5A , GsMTx-4 and GsMTx-2 do share a unique Although other Grammostola toxins (Hanatoxin and ω-GsTx-S1A) are more homologous to GsMTx-4 than GsMTx-2, they were not identified as MSC blockers during screening of fractions from whole venom. If we assume the same inhibitory mechanism for both GsMTx-2 and GsMTx-4, the few similarities that exist between them could be useful for predicting residues involved in binding. Because cation selective M S C s have not been cloned, these toxins may be useful tools in determining physiological function and histological distribution as well as assisting in receptor isolation. While the relatively low affinity of both mechanotoxins make histological studies and receptor isolation difficult, the three-dimensional structure will guide the interpretation of mutagenesis studies aimed at increasing peptide specificity. Sequences are aligned to show the ICK motif cysteine residues in boxes. Green shaded residues show conserved hydrophobic clusters that combine to form a hydrophobic patch on the folded peptides. Blue and lavender colored residues on GsMTx-4, GsMTx-2 and similarity; GsMTx-2 -11% identical, 28% similarity. increments. All backbone N-NH correlations were observed except for the N-termini and F5 of GsMTx-4. In addition, a number of sidechain correlations were observed and are labeled. These are indicated with a suffix of "SC". (38) . 2 RMSDs were calculated over residues 2-31 on GsMTx-4 and residues 2-25 on GsMTx-2. 
